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Traumatic brain injuries (TBIs) are a major global health concern that have an 
economic impact of $60 billion in the United States in related costs annually. 
Developing drugs for TBI treatment is an approach that currently faces limitations 
involving the permeability of the blood-brain barrier (BBB). The BBB naturally limits 
molecules from reaching the brain as a protective mechanism against disease, acting 
as a barrier during drug delivery. Understanding the BBB mechanically and chemically 
following a TBI could potentially assist future studies to alleviate the symptoms and 
long-term effects of TBI by pharmaceuticals. The Mechanobiology and Soft Materials 
Laboratory (MSML) has been actively researching the nature of TBI, and has 
previously developed a brain-on-chip device that allows seeding cells that are 
representative of the BBB and that can be subjected to TBI conditions. This brain-on-
chip device contains a porous membrane that separates astrocytes and brain 
microvascular endothelial cells, but allows them to interact. The aim of this Honors 
research was to improve the design, fabricate, and mechanically test membranes with 
different combinations of pore diameters (3µm, 5µm, and 7µm) and center-to-center 
distances (25µm, 50µm, and 100µm) to determine the mechanical properties of the 
porous membrane. The resultant methods developed in this study successfully 
enabled the mechanical testing of the membranes. The results from the mechanical 
testing, in turn, show no significant statistical differences between fabrication 
conditions. Consequently, considerations regarding the use of a specific pore spacing 
and diameter in future studies can focus on surface area for cell adhesion, cell size, 




Structure and Function of the Blood-Brain Barrier 
Through time, the brain has been a widely unknown organ with a complex organizational, 
functional, and structural nature. Researchers around the world have tried to better 
understand the physiology of the brain to address the pathophysiological conditions that 
cause major health concerns.  Traditionally, neuroscience has focused on studying the 
interactions of the central and peripheral nervous systems and glial cells [2]. More 
recently, it has been seen that neurons, glial cells, and microvessels are highly organized 
to support many functions of brain blood flow [2]. One highly dynamic and selective barrier 
that plays a major role in the brain vascularization is the blood-brain barrier (BBB). 
Understanding the selective nature of the BBB can enable the development of 
therapeutics that bypass the BBB [3]. The complex nature of the BBB depends on the 
precise arrangement of 
different cell types as 
seen in Figure 1 
obtained from Abbott et. 
al. Of all these cells 
types, astrocytes and 
brain microvascular 
endothelial cells 
(BMECs) play a crucial 




function of the BBB and are a main target to overcome the challenges of the high selective 
character of the BBB.  
Traumatic Brain Injury 
In recent years, many collaborative efforts were made to further understand the nature of 
complex diseases that result due to traumatic brain injuries (TBIs). TBI mainly occurs due 
to an external force that either alters brain function; it is prevalent in falls, sport injuries, 
and motor vehicle accidents [4]. More than 2.8 million people have TBI-related 
hospitalizations and emergency care visits every year in the United States. This results 
in $60 billion in expenses and related costs [1].  
Even though TBIs have a significant impact in society, many of the mechanisms that 
govern this disease are still widely unknown, which creates challenges for the further 
development of therapeutics. Therapeutic solutions require specific considerations that 
are many times limited by natural anatomical and physiological conditions. For instance, 
the BBB is a key component to consider when delivering drugs into the brain, and often 
the inability of potential therapeutic molecules to pass the BBB prevents them from 
entering the market [5]. Even though the BBB exists to prevent harmful substances found 
in the bloodstream from reaching the brain, its highly selective permeability also prevents 
more than 98% of small-molecule pharmaceutical molecules and almost all large-
molecule pharmaceuticals from reaching the affected sites [6]. The further investigation 
and understanding of the BBB, both biochemically and mechanically, would enable drug-
delivery to the brain to be a potential solution for TBI. 
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In Vitro Model of the Brain 
An in vitro model has been previously developed in the Mechanobiology and Soft 
Materials Laboratory (MSML), at the University of Arkansas, to represent the blood flow 
in the brain. This flow system is connected to a brain-on-chip device that has been used 
to investigate TBI. This brain-on-chip device facilitates the seeding of astrocytes and 
BMECs separated by a 
porous membrane to further 
study of the effects on the 
BBB after a TBI. The 
biochemical interactions at a 
cellular level are being 
heavily studied in the laboratory, but there has not been a thorough study of the 
mechanical properties of the porous membrane in this specific model. The porous 
membrane is an essential component of the brain-on-chip device because it creates a 
division between BMECs and astrocytes but allows the interaction between these, 
mimicking cellular interaction in an in vitro environment.  
Project Overview and Goals  
The brain-on-chip device previously used in the MSML consists of four 
Polydimethylsiloxane (PDMS) layers as shown in Figure 2. Layer 1 represents the neural 
compartment, having astrocytes and potentially neural cells seeded on it. Layer 2 enables 
clamping the chip by metal clamps that will stretch the brain-on-chip device, mimicking a 
TBI. Layer 4 has BMECs seeded on it, which form the essential barrier structure of the 
BBB. 
Figure 2. Diagram of the brain-on-chip device previously used in 
the MSML [7]. 
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Layer 3, a PDMS membrane, contains micropores that allows astrocytes in layer 1 and 
BMECs in layer 4 to communicate. A representative model of specific mechanical 
properties of layer 3 such as linear modulus, secant modulus, strain at fracture, percent 
elongation and ultimate tensile strength has yet to be developed. The elastic properties 
of PDMS are fundamental in letting us simulate a TBI by stretching the device. 
The first aim of this project was to further develop the fabrication of microporous 
membranes through photolithography and soft lithography with different combinations of 
pore center-to-center distances (spacing) and pore diameters.   
The second aim of this project was to investigate the mechanical properties of the porous 
membrane. This could allow further projects to use a customizable brain-on-chip device 
with their desired mechanical properties. This mimicking would enable further projects to 
have a standard of replicable conditions for in vitro applications. Different conditions were 
created by combining varying diameters of pores (3µm, 5µm, and 7µm) and varying 
center-to-center distances (spacing) between pores (25µm, 50µm, and 100µm).  
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Materials and Methods 
Overview of Methods 
In order to create porous structures at the micron level, photolithography was used. This 
method uses a chrome photomask to let UV rays transfer an array of circles onto a light-
sensitive photoresist and then removes the unexposed regions through chemical 
treatments as shown in Figure 4 [7, 165]. For this project, photolithographic fabrication 
required the manufacturing of custom components such as photomasks, master wafers, 
and PDMS membranes. Many of the techniques used, were previously developed in the 
MSML. Many protocols, however, had not been refined to achieve porous membranes 
with varying specifications and there was no protocol for mechanical testing of these. An 
essential part of this study was the improvement and implementation of previous 
protocols to create these desired conditions consistently. The previous protocols for 
photolithography and can 
found in Appendix A.  
Design of Photomasks 
The photomasks used for this 
work were designed using 
AutoCAD. In this design, 
70mm circles contained six 
rectangles of 20mm by 5mm 
and within each rectangle a 
unique pore condition was designed in an array as shown in Figure 3. After the different 
Figure 3. Diagram of the photomask. Conditions will be created by 
varying diameters (3µm, 5µm, and 7µm) and varying center-to-center 
distances (25µm, 50µm, and 100µm). 
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photomasks were designed, the AutoCAD files were sent to Advance Reproductions 
Corporation (North Andover, MA) for fabrication.  
Fabrication of Master Wafers 
To initiate the master 
wafer fabrication, silicon 
wafers were plasma 
treated for 5 minutes. 
This allows the wafer to 
be cleaned so that it can 
acquire the clear features 
of the photomask.  Then, 
the wafers were spin-coated with SU-8 3010 (MicroChem, Westborough, MA) and soft 
baked at 95°C. After the soft bake, the photomask and the coated wafer were placed in 
a Suss Microtec MJB3 Contact Aligner at the University of Arkansas HiDEC for UV 
exposure. This step builds the array of posts in the master wafer which are present after 
a post-exposure bake. These wafers were then developed using SU-8 Developer 
(MicroChem, Westborough, MA), rinsed with Isopropyl Alcohol (IPA), and hard baked at 
150°C for 15 minutes. This process concluded the fabrication of the master wafers, which 
were then cut into individual wafers using a K&S 982-10S Dicing Saw. A representative 
diagram can be seen in Figure 4. 
Fabrication of Porous Membranes  
Once the master wafers for the nine conditions were fabricated and cut, they were rinsed 
in a three-step process using acetone, methanol, and isopropyl alcohol respectively. After 




the final rinse, the wafers were dried using nitrogen and observed under a microscope. 
Looking at the wafers under the microscope allowed a close observation of the array of 
posts to determine their integrity. Once the integrity of the posts was determined, the 
wafers were ready for the soft lithographic fabrication of porous membranes. 
To begin the spin-coating process, the cut master wafer was placed on the spin-coater 
with high vacuum grease (Dow Corning, Midland, MI) and the vacuum was turned on (as 
seen in Figure 5, A1). Positive photoresist was added to the surface of the wafer for 30 
seconds (Figure 5, A2) and then spun with the conditions in Table 1. This allowed the 
formation of a sacrificial layer (Figure 5, A3), which was essential for the detachment of 
the membrane from the wafer. After the spin-coating was done, the wafer with the 
sacrificial layer was cured 
in a 70°C oven for 10 
minutes and placed in the 
spin-coater again.  
The next step was to form 
the PDMS membrane 
over the sacrificial layer 
by applying PDMS to the 
wafer (Figure 5, A4) and 
spinning it with the 
conditions shown in 
Table 2 and curing it overnight at 70°C. The PDMS used was made by centrifuging 
Table 1. Spin-coating recipe [Appendix A] 
 
Table 2. Spin-coating recipe [Appendix A] 
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SYLGARD 184 Silicone Elastomer Base and Curing Agent (Dow Chemical Company, 
Midland, MI) in a 9:1 ratio and dropped over the wafer.  
In parallel, the PDMS “slab” that is attached to the membrane was fabricated. This was 
essential for the mechanical testing of the membrane since it provides the thickness 
necessary for the clamps in the mechanical tester to grip the sample in place. To begin 
this process, 3D printed ABS molds previously designed in SolidWorks (Figure 5, B1), 
were coated with a thin layer of oil and then filled with PDMS. The molds were then cured 
at 70°C in a vacuum oven overnight. This oven enabled small bubbles to rise and leave 
the PDMS, creating a uniform “slab” (Figure 5, B2). The cured “slabs” were then cleaned 
by sonicating them in a 1:1 deionized water to reagent alcohol solution and dried in a 
70°C oven for 15 minutes. Once cleaned, the “slabs” were attached to the wafers 
containing a <10μm PDMS layer by applying fresh PDMS to the sides of the wafer and 








then gently pressing on them.  The result from the parallel process is seen in Figure 5, 
C. This part was left in a 70°C oven overnight. Once cured, the part is soaked in acetone, 
which dissolves the sacrificial layer and eases the detachment of the membrane system.  
This component was then imaged with a Leica microscope at the maximum magnification 
(161x). These images validated of the presence of pores and is seen in Figure 6. Finally, 
the sides of the “slabs” with thicker PDMS were cut with a scalpel in order to form the 
shape seen in Figure 7C. This specific shape enabled the clamping of the sample to test 
only the porous membrane.  
Figure 6. Pictures of membranes taken with Leica microscope at 161x. 
A B C 
D E F 






To mechanically test the samples, the membrane in Figure 8A was mounted onto to the 
Instron uniaxial mechanical tester as seen in Figure 8B. The Instron was controlled Using 
BlueHill 3 software. The test was run at a rate of 1cm/min until failure for 3 trials of each 
of the 9 porous conditions plus a non-porous condition. This data was then exported as 
a Microsoft Excel file. 
Data Analysis 
After the testing of the nine different conditions, data values in an array were obtained for 
displacement of the clamp and the load. This data was exported, saved as a .csv file, and 
ran in Matlab with a code 
previously developed in the 
MSML. Running the code 
produced plots and values 
for the following tests: linear 
modulus, secant modulus, 
strain at fracture, percent 
Figure 8. A) Diagram of the porous membrane attached to PDMS 
“slabs” for tensile testing. B) Diagram of the uniaxial mechanical 
tester. A mobile clamp allows the sample to be stretched while 
recording load and displacement. 
A B 
Figure 7. Diagram of the sample fabrication and mechanical testing of porous membranes. 
A B C D E 
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elongation and ultimate tensile strength. Mean values and standard deviations were 
calculated and then used to run statistical analyses on JMP Statistical Software (SAS 
Institute, Cary, NC).  
Results and Discussion 
The first result from this project was the successful improvement and fabrication of the 
porous membranes. This includes the design of photomasks using AutoCAD, fabrication 
of master wafers via photolithography, fabrication of porous membranes via soft 
lithography, and mechanical testing of these. The second result is that the pore spacing 
and pore diameters have no statistically significant difference in any of the mechanical 
tests ran (linear modulus, secant modulus, strain at fracture, percent elongation, and 
ultimate tensile strength). This result was obtained from a one-way analysis of variance 
(ANOVA) using JMP Statistical Software. The p-values for each mechanical test was 
calculated considering center-to-center distance (spacing), pore diameter, and 
spacing*diameter. The summary of the results can be seen in Table 3. 
 
 




Figure 9 shows the specific graphs resulting from the Matlab code that were used for the 
one-way ANOVA. Three trials were run per sample and the standard errors were plotted. 
The 9 different conditions tested correspond to the numbers 2-10 in the x-axis of the graph 
and a no-pore condition tested corresponds to number 1. Even though no statistical 
significance is shown in this study, this could be an important factor to further explore 
what condition suits best for a particular study. Future studies can focus on surface area 
for cell adhesion, cell size, and seeding density rather than on mechanical properties 
because of the results obtained from this study. 
 
 





Conclusion and Future Direction 
Through the entirety of this project, there were two main results. Initially, it can be 
concluded that the new design and fabrication of photomasks, master wafers, and porous 
membranes with different conditions was successful. In addition, average linear modulus, 
secant modulus, strain at fracture, percent elongation and ultimate tensile strength have 
no significant statistical differences due to variations in pore size and pore diameter. 
Further studies can expand the range of mechanical properties tested by using different 
PDMS ratios or bases. These could provide the membranes different mechanical 
properties to broaden the conditions that a specific project may require. An initial trial was 
tested for a PDMS of a different base—SYLGARD 527, (Dow Chemical Company, 
Midland, MI). This condition, however, was not able to be fabricated by using the same 
experimental methods used in this study. The reduced toughness of this PDMS, produced 
difficulties in the detachment of the membrane from the master wafer. Therefore, 
changing PDMS ratios would require further refinement of these methods.  
With the creation of a robust brain-on-chip device and with the characterization of the 
mechanical properties of the porous membrane, other researchers can use this model to 
study effects of TBI and other diseases that require an in vitro chip model. As mentioned 
before, considerations such as surface area for cell adhesion, cell size, and seeding 
density may be prioritized because of the lack of significance among the different 
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